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Edited by Felix WielandAbstract Yeast Golgi ecto-ATPase Ynd1p is an unusual type
III membrane protein with the longest translocated N-terminus
reported. Sequential deletion analysis reveals that translocation
of this 500-residue-long hydrophilic domain across the mem-
branes requires the C-terminal transmembrane domain of Ynd1p
and its ﬂanking regions. Additional studies indicate that the top-
ogenic sequence of Ynd1p overrides the eﬀect of a reverse signal-
anchor sequence present at the N-terminus of Ynd1p, while it is
not aﬀected by a classic signal sequence at the N-terminus. When
placed at the C-terminal end, the sequence can translocate large
extracellular domains of two membrane proteins across the
membranes. The data demonstrate the existence of a true
eukaryotic C-terminal signal sequence.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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In eukaryotic cells, secretory proteins and integral mem-
brane proteins destined for the secretory pathway are generally
targeted by a hydrophobic signal sequence to the endoplasmic
reticulum (ER) membrane in a cotranslational process involv-
ing the signal recognition particle (SRP) and the SRP receptor
[1]. The signal sequence then interacts with the Sec61 translo-
cation machinery (the translocon) [2,3] and initiates the trans-
location of the polypeptide. The translocon provides an
aqueous channel through which the nascent polypeptide can
be translocated [4–6].
Topogenic sequences encoded in the polypeptide chain regu-
late membrane integration and determine the ﬁnal topology of
all membrane proteins [7,8]. Hydrophobic signal sequences,
such as signal peptide sequences (SP), signal-anchor sequences
(SA) and reverse signal-anchor sequences (RSA), are responsi-
ble for ER targeting and initiation of membrane integration
[7,8]. SPs are processed by signal peptidases at the luminal side
of the ER membrane, while both SA and RSA sequences areAbbreviations: SP, signal peptide sequence; SA, signal-anchor
sequence; RSA, reverse-anchor sequence; CS, carboxyl-terminal signal
sequence
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ing translocation initiated by an SP or an SA sequence can
be interrupted by a hydrophobic stop-transfer (ST) sequence
that forms a transmembrane segment.
Single-spanning membrane proteins may assume a ﬁnal
topology with an exoplasmic N- and a cytoplasmic C-terminus
(Nexo/Ccyt) or with the opposite orientation (Ncyt/Cexo). Four
major types of single-spanning membrane proteins can be dis-
tinguished according to the insertion mechanism [9]. Type I
membrane proteins are targeted by a cleavable N-terminal
SP sequence and anchored by a ST sequence. Their mature
N-termini are exoplasmic. Type II membrane proteins are in-
serted and anchored by an SA sequence, containing a cytoplas-
mic N-terminus. The N-termini of type III membrane proteins,
normally short, are translocated across the ER membranes and
anchored by an RSA sequence. These three types of membrane
proteins are all inserted by the same mechanism involving
SRP, SRP receptor, and the Sec61 translocon [10–12]. Type
IV membrane proteins have an Ncyto/Cexo topology-like type
II proteins, while their transmembrane segments are very close
to the C-terminus. Type IV proteins are inserted into the ER
membrane by an unknown ATP-requiring mechanism [13,14].
In this study, we have investigated the topogenic determi-
nants that drive the membrane assembly of the yeast Golgi
ecto-ATPase Ynd1p, an integral membrane protein with an
unusual membrane topology [15,16]. Ynd1p belongs to a
group of ubiquitous enzymes that hydrolyze nucleoside tri-
and/or di-phosphates in the presence of divalent cations. They
play important roles in many biological processes including
protein and lipid glycosylation [16,17] and prevention of intra-
vascular thrombosis [18]. Most membrane-bound NTDPases
have a type II-like orientation, whereas Ynd1p is a type III
transmembrane protein with a large exoplasmic N-terminus
(500-residue-long, [15]). Type III membrane proteins normally
lack a large exoplasmic N-terminal domain, which may facili-
tate the transfer of the N-terminus [8,9,19]. To our knowledge,
Ynd1p has the longest translocated N-terminus lacking a SP
sequence reported thus far.
To address the mechanism by which Ynd1p is targeted and
translocated into the ER membranes, we generated a series of
truncation mutants, deleting individually or simultaneously
the N- and C-terminal ends of the protein. The analysis re-
vealed that the C-terminal transmembrane domain of Ynd1p
together with its ﬂanking regions is a C-terminal signal se-
quence that directs the translocation of the N-terminal hydro-
philic domain. The study also showed that a SP sequence and a
RSA sequence interacted in diﬀerent ways with the C-terminal
signal sequence of Ynd1p in chimerical constructs. In addition,ation of European Biochemical Societies.
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the ER membrane the large extracellular domains of two mem-
brane proteins when placed at their C-terminal ends.2. Materials and methods
2.1. Strains and media
Escherichia coli strain DH5a (supE44D lacU169 (f80lacZDM15)
hsdr17 recA1 endA1 gyrA96 thi-1 relA1) was used for DNA manipula-
tions. Saccharomyces cerevisiae strains used are BCY123 (MATa pe-
p4::HIS3 prb1:: LEU2 bar1::HISG lys2::GAL1/10-GAL4 can1 ade2
trp1 ura3 his3 leu2-3,112), GPY1452 (G2-11, gda1::LEU2, pe-
p4::URA3, [20], a generous gift from Dr. Jennifer Vowels at UCLA),
and YPH500 (MAT a leu2 ura3 trp1 lys2 his3 ade2). Standard rich
(YPD) and complete minimal tryptophan drop-out media were used.
2.2. Nucleotide phosphatase assay, protein deglycosylation, yeast crude
membrane preparation, and immunoblotting
Nucleotide phosphatase assays were performed as previously de-
scribed [15] with 2 mM ADP or 2 mM GDP. Preparation of yeast
crude membranes and protein deglycosylation were also done as previ-
ously described [15]. Anti-hemagglutinin (HA) monoclonal antibody
(12CA5, 1:2000 dilution) was purchased from Berkeley Antibody
Corp. (Berkeley, CA). Anti-myc monoclonal antibody (9E10, 1:500
dilution) was purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Mouse monoclonal antibody of anti-Pho8p was purchased from
Molecular Probes (Eugene, OR). Rabbit polyclonal anti-Gda1p anti-
body was a kind gift from Dr. Claudia Abeijon (Boston University).
Peroxidase-conjugated goat-anti-rabbit antibody (1:2000) and peroxi-
dase-conjugated goat-anti-mouse antibody (1:2000) were purchased
from Sigma.
2.3. DNA constructs
An N-terminal myc tag (EQKLISEEDL) or a C-terminal HA tag
(YPYDVPDYAL) was incorporated in polymerase chain reaction
(PCR) primer sequences just before initiator methionine and termina-
tion codon of YND1 constructs. Plasmid pGZ113 [15] was used as a
template for YND1 deletion constructs. Chromosomal DNA isolated
from YPH500 was used as a template for cloning GDA1 [17], PHO8Fig. 1. Schematic representation of the deletion constructs of Ynd1p used to
indicated as black bars. N-terminal and C-terminal hydrophilic domains of
terminal HA are marked at the ends of the white bars. The glycosylation sit[21], and DNA sequences encoding the N-terminal 85-residue leader
sequence of yeast a factor [22]. The DNA sequence encoding residues
1–31 of rat microsomal P450 [23] was synthesized by two annealed
DNA primers. PCR products were gel puriﬁed and subcloned into
pG1 vector [15] downstream of a glyceraldehyde-3-phosphate dehy-
drogenase promoter. DNA constructs were veriﬁed by sequencing.3. Results
3.1. Sequential deletion analysis for identifying topogenic
sequences that drive the translocation of the giant
N-terminal domain of Ynd1p across membranes
It has been previously shown thatYnd1p is anunusual type III
membrane protein with a 500-residue-long exoplasmic N-termi-
nal domain [15]. To understand how this domain is translocated
across membranes, we have investigated the topogenic determi-
nants that are responsible for the insertion and assembly of
Ynd1p.As shown inFig. 1, a series ofYnd1p truncationmutants
were constructed. Hydrophobicity analysis using the Kyte–
Doolittle algorithm indicates that Ynd1p contains two
hydrophobic segments (aa 446–467 and aa 501–517), but only
the second hydrophobic segment functions as a transmembrane
domain [15]. It is therefore possible that the ﬁrst hydrophobic
segment could serve as an internal signal sequence. Ouzzine
et al. [23] has recently reported that human UDP-
glucuronosyltransferase 1A6 has an internal signal sequence in
addition to its N-terminal conventional SP sequence. Therefore,
both hydrophobic segments of Ynd1p were deleted individually
to assess their eﬀects on the translocation of the N-terminal do-
main (Fig. 1). Additionally, sequential deletions on both N- and
C-termini were also constructed to determine whether the se-
quences at both N- and C-terminal ends are required for the tar-
geting and insertion of the N-terminal domain.
In order to monitor the presence of the N-terminal domain
in the lumen of the ER, the potential N-linked glycosylationidentify topogenic sequences. The hydrophobic stretches of Ynd1p are
Ynd1p are represented as white bars. The N-terminal myc tag and C-
e is marked with an asterisk.
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by site-directed mutagenesis so that only the N-linked glycosyl-
ation site N371 in the N-terminal hydrophilic domain re-
mained. It was previously shown that N371 of wild-type
Ynd1p is glycosylated in yeast cells [15]. Glycosylation of
N371, demonstrated by the migration shift in SDS–PAGE
after treatment with glycopeptidase F (GNFase), provides con-
clusive evidence for the luminal localization of the N-terminal
sequence.
The DNA constructs of YND1 shown in Fig. 1 were inserted
in the yeast vector pG1 and transformed into yeast strain
BCY123. Crude membranes of the resulting yeast strains were
isolated and treated with or without Glycopeptidase F. Sam-
ples were separated by SDS–PAGE and immunoblotted with
either anti-HA or anti-myc antibodies, as the constructs were
tagged either with N-terminal myc or with C-terminal HA
(Fig. 1). As shown in Fig. 2A and B, deletion of the ﬁrst hydro-
phobic segment did not aﬀect the translocation of the N-termi-
nal domain of Ynd1p, because the protein was glycosylated
(Fig. 2A, lanes 3 and 4; Fig. 2B, lanes 1 and 2). The resultsFig. 2. The C-terminal transmembrane domain of Ynd1p and its ﬂanking r
hydrophilic domain across membranes. The DNA constructs described in Fig
isolated from the yeast cells and treated with glycopeptidase F, as describ
immunoblotted with either anti-HA antibody or anti-myc antibody.
Fig. 3. Sequence comparison of the CS of Ynd1p with the SPindicate that this sequence is not an internal signal sequence.
As shown in Fig. 2A–C, deletion of any part of Ynd1p from
residues 1–467 had no eﬀect on the luminal presence of the
N-terminal domain. In addition, deletion of the C-terminal
end (residues 532–630) of Ynd1p did not aﬀect the transloca-
tion of the N-terminus either (Fig. 2D, lanes 1 and 2).
However, deletion of the second hydrophobic segment (res-
idues 501–517) prevented translocation of the N-terminal do-
main of Ynd1p (Fig. 2C, compare lane 3 to 4). Also, when
the ﬂanking regions (residues 446–500 and residues 518–531)
of the second hydrophobic segment (the transmembrane do-
main) were deleted, the N-terminal domain was not present
in the ER lumen either (Fig. 2D, lanes 3–6). Together, these
data demonstrate that the transmembrane domain of Ynd1p
and its ﬂanking sequences are essential for the translocation
of its N-terminal domain across membranes. Since this topo-
genic sequence is at the C-terminal end of the translocated
N-terminal hydrophilic domain of Ynd1p, we designate this se-
quence as ‘‘carboxyl-terminal signal sequence’’ (CS) for the
remainder of the paper.egions are essential and suﬃcient for translocation of the N-terminal
. 1 were transformed into yeast strain BCY123. Crude membranes were
ed in Section 2. Protein samples were separated by SDS-PAGE and
sequence of a factor, and the RSA sequence of P450.
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Ynd1p
Fig. 3 delineates the exact CS of Ynd1p. It contains a 17-res-
idue hydrophobic stretch ﬂanked by positively charged amino
acids at both ends. This sequence diﬀers from classic SP se-
quences such as that of yeast a factor (Fig. 3), which mostly
have one or two positively charged amino acids at the N-termi-Fig. 4. Functional analysis of the CS of Ynd1p in the chimeras with the SP
Ynd1p chimeras. (B) The CS is comparable with SP sequence of yeast a facto
transformed into yeast strain BCY123. Treatments of yeast crude membran
were separated by SDS-PAGE and immunoblotted with anti-HA antibody. (
both are present in a single polypeptide. (D) The chimera between RSA and Y
Data represent means ±S.D. (n = 3). (E) The RAS sequence of P450 cannotnal end of the hydrophobic core and some negatively charged
amino acids at the C-terminal end. The CS of Ynd1p is also
diﬀerent from the RSA sequences of the type III membrane
proteins such as P450 [24], which have a short translocated
N-terminal tail. The RSA sequence normally has more nega-
tively charged amino acids at the N-terminal end of the hydro-
phobic segment and more positively charged amino acids atsequence of a factor and the RSA sequence of P450. (A) Diagrams of
r when present in a single polypeptide. DNA constructs in panel A were
es with glycopeptidase F were described in Section 2. Protein samples
C) The CS of Ynd1p is dominant over the RAS sequence of P450 when
nd1p is functionally active. The ADPase assay is described in Section 2.
translocate the N-terminal domain of Ynd1p across membranes.
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contains two cysteine residues in the middle of the hydropho-
bic core, which could potentially be palmitoylated. However, a
double mutation of Ynd1p (C510A/C511A) has no eﬀect on
the translocation of the N-terminal domain of Ynd1p across
the membranes (data not shown).
In order to further characterize the CS of Ynd1p, we con-
structed three chimeras of Ynd1p containing either an SP se-
quence or an RSA sequence. As shown in Fig. 4A, the SP
sequence of yeast a factor was fused to the N-terminus of
Ynd1p to test whether it is compatible with the CS of Ynd1p
during in vivo membrane insertion. The SP sequence of a fac-
tor and the CS of Ynd1p can both direct the translocation of
the N-terminal domain of Ynd1p across the ER membrane
individually (Fig. 4B, lanes 3 and 4), but it is not known
whether they would compete with the binding sites of SRP
and the translocon when both signals are present in the same
polypeptide. This so-called ‘‘frustrated topologies’’ situation
[25] might cause no translocation of the N-terminal domain
of Ynd1p. As shown in Fig. 4B, the N-terminal domain of
the chimera was translocated (lanes 1 and 2), indicating that
both signals are compatible in a single polypeptide.Fig. 5. When placed at the C-terminal end, the CS of Ynd1p can transloca
membrane. (A) Diagrams of chimerical constructs. (B) The CS of Ynd1p can
pGZ180 DNA construct described in panel A was transformed into yeast st
were described in Section 2. Protein samples were separated by SDS-PAGE an
chimera between the Gda1p enzymatic domain and the CS of Ynd1p mainta
Section 2. The data represent means ±S.D. (n = 3). (D) The CS of Ynd1p c
pGZ190 DNA construct described in panel A was transformed into yeast stra
antibody.The RSA sequence of P450 was also fused to the N-termi-
nal domain of Ynd1p in another chimera (Fig. 4A). The
RSA sequence of P450 and the CS of Ynd1p should provide
conﬂicting information to the translocation machinery. The
RSA sequence at the N-terminus of the chimera should as-
sume an Nexo/Ccyt membrane topology, which would direct
the hydrophilic domain of Ynd1p to the cytoplasmic side
of the membrane. On the contrary, the CS of Ynd1p will di-
rect the hydrophilic domain to the exoplasmic side. As
shown in Fig. 4C, the N-terminal domain of Ynd1p was
translocated across the membranes (lanes 1 and 2). More-
over, this was translocated and folded properly in the exo-
plasmic space, as the chimera was enzymatically active
(Fig. 4D). This result indicates that the CS of Ynd1p is dom-
inant over the RSA sequence of P450 when they both are
present in a single polypeptide. Also, when the CS of Ynd1p
was replaced with the RSA sequence of P450 (Fig. 4A,
Ynd1p-RSA), the N-terminal domain of Ynd1p cannot be
translocated (Fig. 4E). Consistently, the chimera was not
enzymatically active (data not shown). These data together
indicate that the CS of Ynd1p functions diﬀerently from
the RSA sequence.te the extracellular domain of two membrane proteins across the ER
translocate the extracellular domain of Gda1p across the membrane.
rain GPY1452. Membrane isolation and glycopeptidase F treatments
d immunoblotted with rabbit polyclonal anti-Gda1p antibody. (C) The
ins high GDPase activity. The GDPase assay was done as described in
an translocate the extracellular domain of Pho8p across membranes.
in BCY123. Samples were immunoblotted with monoclonal anti-Pho8p
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translocate across the ER membrane the large extracellular
domain of two membrane proteins
To further investigate the function of the CS of Ynd1p, we
tested whether this signal can indeed serve as a C-terminal sig-
nal for translocation of other protein domains across mem-
branes. First, we examined whether it can translocate the
extracellular domain of another yeast Golgi ecto-ATPase
Gda1p [17]. Gda1p is a type II membrane protein with an
N-terminal SA sequence and a C-terminal exoplasmic apyrase
domain that preferably hydrolyzes GDP to GMP. Plasmid
pGZ180, containing the cDNA for the exoplasmic apyrase do-
main of Gda1p with a CS fusion at the C-terminal end
(Fig. 5A), was transformed into a gda1-yeast strain
GPY1452. Membrane fractions were isolated, treated with
Glycopeptidase F and immunoblotted with anti-Gda1p. As
shown in Fig. 5B, the CS signal was able to translocate the
ecto-domain of Gda1p across the ER membrane (lanes 1 and
2). The translocated enzymatic domain of Gda1p had high
GDPase activity (Fig. 5C), even though the resulting chimera
now had a type III membrane protein arrangement.
To assess if the CS of Ynd1p can translocate additional
extracellular domains other than the ecto-ATPase domain,
the CS of Ynd1p was fused to the extracellular domain of
yeast alkaline phosphatase Pho8p at its C-terminal end, plas-
mid pGZ190 (Fig. 5A). Pho8p is a type II membrane protein
with a C-terminal extracellular enzymatic domain as well as
an N-terminal hydrophobic domain that functions as an unc-
leaved internal signal sequence [21,26]. Plasmid pGZ190 was
transformed into yeast strain BCY123. Membrane fractions,
isolated either from BCY123/pGZ190 or from BCY123/pG1
(control vector), were treated with or without Glycopeptidase
F, and were immunoblotted with anti-Pho8p antibody. As
shown in Fig. 5D, wild type Pho8p and the chimera of
Pho8p and Ynd1p were both glycosylated (lanes 1–4). The
chimera was glycosylated to a greater extent than Pho8p
alone (compare lane 2 to 4), indicating that the extracellular
domain of Pho8p was translocated across the membrane by
the CS of Ynd1p. The data demonstrate that the CS of
Ynd1p can indeed function as a C-terminal signal sequence
that translocates long N-terminal hydrophilic domains across
the membrane.4. Discussion
This study has investigated the topogenic sequences of
Ynd1p, a type III membrane protein with the longest exo-
plasmic N-tail reported thus far (500 residues). A CS of
Ynd1p, which can also translocate large hydrophilic do-
mains of two other membrane proteins when placed at their
C-terminal ends, was discovered. The RSA sequence of type
III membrane proteins can translocate short N-terminal tails
(normally less than 50 residues) across the membrane, but
these signals are at the N-terminus of the proteins. The
100-residue-long periplasmic tail of ProW, a bacterial poly-
topic membrane protein, can be translocated by its ﬁrst
transmembrane domain with positively charged residues
engineered at the C-terminal end [27] or by the ﬁrst four
transmembrane segments [28]. Nevertheless, these topogenic
sequences have not been shown to translocate other hydro-
philic domains with a similar or larger size. To our knowl-edge, this study is the ﬁrst demonstration of a eukaryotic C-
terminal translocation signal.
N-terminal SP sequences, N-terminal SA sequences (also
viewed as non-cleaved SPs), RSA sequences, as well as CS of
Ynd1p are four types of signals that can direct a hydrophilic
segment across the ER membrane. Both an SP and an SA se-
quence can direct the translocation of a large hydrophilic do-
main at their C-terminal ends, whereas an RSA sequence can
only direct the translocation of short stretches of N-terminal
amino acids. All four signals have a hydrophobic core with
ﬂanking hydrophilic residues. The clearest determinant of sig-
nal orientation is the distribution of charged residues near the
hydrophobic core of the signals. In native proteins, positive
charges are statistically enriched on the cytosolic side (the ‘‘po-
sitive-inside rule’’ [29] and the ‘‘charge diﬀerence rule’’ [30]).
The ﬂanking charges of SP, SA and RSA sequences seem to
be consistent with this prediction (Fig. 3). The importance of
the ﬂanking charges for orientation of the signal sequence
has been shown by mutagenesis; however, the mutant proteins
did not strictly follow the charge rules and often inserted with
mixed topologies [31–33]. In contrast to the situation with SP,
SA and RSA signals, positive residues were found at both ends
of the CS of Ynd1p (Fig. 3). It has also been suggested that the
length [34] and the total hydrophobicity [35] of the hydropho-
bic core of the signals inﬂuence the insertion orientation. A
longer hydrophobic segment or a more hydrophobic end has
a greater tendency for Nexo insertion. The CS of Ynd1p has
a relatively short hydrophobic core in which the hydrophobic
distribution at both ends is quite symmetric. It appears that CS
of Ynd1p contains unique features in residue composition rel-
ative to other signal sequences.
Why does nature utilize several types of signal sequences to
direct a hydrophilic domain across the membrane? The ratio-
nale for utilizing SP and SA sequences seems clear; SA pro-
vides a transmembrane anchor and cytosolic N-terminus,
while SP allows for a free N-terminus in the exoplasmic space.
A possible reason for evolving SP versus RSA sequences may
have to do with the folding and length of a particular domain.
The average size of the N-terminal domain for type I mem-
brane proteins is roughly 140 residues and only 40 residues
for type III membrane proteins [8], likely reﬂecting the diﬃ-
culty in translocating large N-terminal sequences that have al-
ready folded. For instance, translocation of the N-terminus of
the human cannabinoid receptor 1 across ER membranes can
be greatly increased by either shortening the 116-residue-long
N-terminus or by addition of an SP sequence [36]. However,
the folding properties of the N-terminal domain can inﬂuence
membrane protein orientation independent of length [37]. Here
we have shown that the CS of Ynd1p can translocate a hydro-
philic domain up to 500 residues long, suggesting that the CS
may tolerate more pretranslocation folding than do RSA se-
quences. One apparent advantage of the CS signal over SP is
the elimination of a cleavage step and also the provision of a
C-terminal transmembrane anchor.
Ynd1p is not the only type III membrane protein with a
long exoplasmic tail. Through sequence analysis, we have
identiﬁed several membrane proteins that possess Ynd1p-like
membrane topology. They include worm UNC5 protein [38],
worm C33H5.14 protein [39], rat NTAK protein [40], and hu-
man Neu diﬀerentiation factor [41]. These proteins all possess
a long translocated N-terminus without a typical SP se-
quence, with a size ranging from 240 to 440 residues. The
X. Zhong et al. / FEBS Letters 579 (2005) 5643–5650 5649existence of a novel type III-like membrane family may sug-
gest a new translocation mechanism that diﬀers from those of
the normal type III membrane proteins. Future investigations
on the mechanisms by which the Ynd1p-like type III mem-
brane proteins are properly inserted and assembled into
membranes will advance our current understandings of mem-
brane biology.
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